Ecological diversification of Bacillus thuringiensis soil isolates was examined to determine whether bacteria adapted to grow at low temperature and/or potentially pathogenic correspond to genetically distinct lineages. Altogether, nine phylogenetic lineages were found among bacilli originating from North-Eastern Poland (n = 24) and Lithuania (n = 25) using multi-locus sequence typing. This clustering was chiefly confirmed by pulsed-field gel electrophoresis. One third of the bacilli were found to be psychrotolerant, which strongly supports the hypothesis of the existence of thermal ecotypes among B. thuringiensis. PCR screening was also performed to detect potential enterotoxin genes and Bacillus anthracis pXO1-and pXO2-like replicons. The cytK-positive isolates (22%) were significantly associated with two phylogenetic lineages (potential CytK pathotypes), whereas there was no correlation between phylogenetic grouping and the presence of the potential tripartite enterotoxin pathotypes (86% of strains). A statistically significant association between phylogenetic lineages and ecologic properties was found with regard to the cry1-positive Lithuanian isolates, while the cry genes in Polish isolates and the pXO1-and pXO2 replicon-like elements showed scattered distribution across phylogenetic lineages. Our results support the hypothesis that B. thuringiensis comprises strains belonging to different phylogenetic lineages, which exhibit specific ecological properties.
Introduction
Bacillus thuringiensis, an entomopathogen lethal to many insects due to the synthesis of d-endotoxins, also called Cry toxins (Ben-Dov et al., 1997; de Maagd et al., 2001) , is present in a wide range of environments and exhibits a high level of phenotypic and genotypic diversity (Gaviria Rivera & Priest, 2003; ). Yet, the unique ecological role(s) played by B. thuringiensis in their environmental niches is not fully understood (Swiecicka, 2008) . One possible way to tackle this issue is to investigate the ecological changes that distinguish the B. thuringiensis isolates into ecotypes, defined as groups of closely related, but ecologically different, genetic variants (Connor et al., 2010) . Indeed, bacterial isolates of particular ecotype occupy similar ecological niches and possess specific properties that allow them to exploit and adapt to their immediate environment (Cohan & Perry, 2007; Stefanic et al., 2012) . Bacillus thuringiensis belongs to the Bacillus cereus sensu lato group, which also includes B. cereus sensu stricto implicated in food poisoning (Granum & Lund, 1997) , Bacillus mycoides and Bacillus pseudomycoides, characterized by their rhizoid growth on solid agar plates (Nakamura, 1998) , Bacillus anthracis, the etiologic agent of anthrax (Mock & Fouet, 2001) , and the psychrotolerant Bacillus weihenstephanensis (Lechner et al., 1998) . Although these bacteria are genetically closely related (Pannucci et al., 2002a; Helgason et al., 2004) , they display distinct virulence spectra whose genetic determinants are mostly plasmid-borne. For instance, the production of entomotoxins by B. thuringiensis, the cereulide toxin by emetic B. cereus pathotypes, and the anthrax toxins by B. anthracis all depend on plasmid-borne genes (Mock & Fouet, 2001; Hoton et al., 2005 Hoton et al., , 2009 Reyes-Ram ırez & Ibarra, 2008) .
Despite its entomopathogenic properties, B. thuringiensis has occasionally been reported as a potential source of human infections similar to those caused by B. cereus (Jackson et al., 1995) . In fact, most B. thuringiensis and B. mycoides/B. pseudomycoides isolates harbour the genetic determinants of potential enterotoxins thought to be involved in diarrhoeal gastrointestinal infections (Hansen & Hendriksen, 2001; Swiecicka et al., 2006) . Whether these potential pathogenic ecotypes of B. thuringiensis are authentic pathotypes remains an open issue. The temperature adaptation is another B. cereus s.l. property of significant importance from both an environmental and a food industry point of view. Bartoszewicz et al. (2009) and Soufiane & Côt e (2010) have pointed out that some B. thuringiensis were able to grow at low temperature and displayed specific motifs in their cspA gene (coding the major cold shock protein CspA), two features originally described as characteristic of the psychrotolerant B. weihenstephanensis Lechner et al., 1998) . These observations, together with an earlier report by Sorokin et al. (2006) , indicated that psychrotolerance is a common feature among B. cereus s.l. isolates rather than a specific attribute of B. weihenstephanensis. Moreover, all the isolates demonstrating the ability to grow at low temperature can be regarded as thermal ecotypes of B. cereus s.l. (Guinebreti ere et al., 2008) .
It is generally accepted that closely related but ecologically distinct ecotypes may represent distinct evolutionary lineages within a particular species (Connor et al., 2010) . Accordingly, the primary hypothesis is that particular B. thuringiensis genetic lineages consist of isolates possessing the same specific ecological properties encoded by chromosomal genes, such as the ability to grow at low temperature (thermal ecotype) or the presence of the same set of enterotoxin genes (pathotypes). Conversely, the isolates displaying properties encoded by plasmidborne genes may belong to different lineages. The multilocus sequence typing (MLST) approach extensively used in the phylogenetic typing of the B. cereus group members (Helgason et al., 2004; Ko et al., 2004; Priest et al., 2004; Guinebreti ere et al., 2008; Hu et al., 2009) , and pulsed-field gel electrophoresis (PFGE) applied to estimate the population structure of these bacilli (Gaviria Rivera & Priest, 2003; , were used in the present study to assess the genetic structure and phylogenetic lineages of 49 B. thuringiensis environmental isolates, including their relationship with the other members of the B. cereus complex. Furthermore, the following parameters were analysed in relation to the MLST lineages: (1) the ability to grow at low temperature, a cardinal feature of psychrotrophy as exemplified by strains of B. weihenstephanensis; (2) the presence of putative enterotoxin genes; and (3) the distribution of the pXO1-and pXO2-like replicons. To get a broader view of the genetic diversity and population structure, bacteria originating from two geographically distinct locations, North-Eastern Poland and Lithuania (about 400 km apart) were analysed.
Materials and methods
Bacterial strains, growth conditions, and bacterial identification A total of 49 B. thuringiensis isolates from forest soil rich in organic material were tested (Fig. 1 , Supporting Information Table S1 ). Among them, 25 strains were isolated from soil taken in the Narew National Park (NorthEastern Poland), and eight and 17 isolates were obtained from samples taken in central Lithuania (Vilnius) and North Lithuania (Pakruojis district), located 100-400 km apart (Fig. 1) . Only one B. thuringiensis strain was analysed from each soil sample. To isolate B. thuringiensis, a 10% soil solution (w/v) in 0.85% NaCl was shaken for 1 h (200-250 rpm) and then preheated in a water bath 
DNA extraction
Genomic DNA was extracted from overnight cultures grown in Luria-Bertani (LB) broth using the DNeasy Blood and Tissue Kit (Qiagen GmbH, Hilden, Germany) in accordance with the manufacturer's instructions. The quantity and the purity of the extracted DNA were assessed using the NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, Wilmington, DE).
MLST-based phylogenetic analysis
In total, seven housekeeping genes -glpF (glycerol uptake facilitator protein), gmk (putative guanylate kinase), ilvD (dihydroxy-acid dehydratase), pta (phosphate acetyltransferase), pur (phosphoribosylaminoimidazolecarboxamide), pycA (pyruvate carboxylase), and tpi (triosephosphate isomerase) -were amplified with the primers described at the B. cereus PubMLST database (http://pubmlst.org/bcereus/info/primers.shtml) and given in Table S2 . The PCR programs were as follows: 95°C for 5 min; 35 cycles of 95°C for 30 s, 56°C (gmk, pta, pur), 57°C (pycA), 58°C (ilvD, tpi) or 59°C (glpF) for 30 s, and 72°C for 1 min; 72°C for 10 min. PCRs were performed with the Veriti 96-Well thermal cycler (Applied Biosystems, Foster City, CA) in the final volume of 25 lL containing 0.65 U Taq DNA polymerase (MBI Fermentas, Vilnius, Lithuania), 250 ng DNA, 0.5 mM of each of the four dNTP, 2.0 mM MgCl 2 , and 0.5 lM of each of the primers. The presence of PCR products was tested with the capillary electrophoresis QIAxcel system (Qiagen).
Amplification products were obtained from all 49 isolates and then purified using the QiaAmp PCR purification kit (Qiagen). Sequencing reactions were performed using the Big Dye Terminator cycle sequencing kit (Applied Biosystems) and the primers described at the B. cereus PubMLST website. Products of cycle sequencing reactions were purified using the ExTerminator Kit (A&A Biotechnology, Gdynia, Poland) and sequenced with the ABI3130 automated sequencer (Applied Biosystems). The sequences were aligned and analysed with regard to their conservative sites and number of polymorphic nucleotide positions with the BIOEDIT SEQUENCE ALIGNMENT EDITOR version 7.0.1. program. The sequences of each of the seven housekeeping genes were assigned allele numbers based on the locus queries at http://pubmlst.org/bcereus/, and sequence types (ST) based on the combination of seven alleles. To assess the relationship of the B. thuringiensis isolates under this study, a phylogenetic tree was generated from their allelic profiles using the neighbour-joining (NJ) algorithm with the aid of START2 software (Jolley et al., 2004) . Genetic distances, based on the nucleotide polymorphism in housekeeping alleles, were calculated using the neighbour-joining method and Kimura 2-parameter mathematical model. The correctness of the results was evaluated using a 1000-step bootstrap test.
Psychrotolerance
To determine the potential 'psychrotolerance' genetic profile, all the B. thuringiensis isolates were screened by PCR for cspA, using a pair of primers cspA_f and cspA_r (Table S2) , and the presence of specific 4 ACAGTT 9 motif in the gene sequence, as reported by Bartoszewicz et al. (2009) . The purified amplicons were cloned into the pGEM-T Easy vector (Promega, Madison, WI) and sequenced using the ABI3130 automated sequencer. Alignments of the sequences were performed as described above. To determine their potential psychrotrophic character, the isolates were screened for their ability to grow at 7°C in nutrient broth with vigorous agitation for 7-10 days, as well as at 43°C on nutrient agar plates for 48 h.
Presence of potential enterotoxin genes
All the B. thuringiensis isolates were tested for the presence of the hblA and nheA genes with the pairs of primers (Table S2 ) designed by Hansen & Hendriksen (2001) , and for the cytK gene with the primer pair described by Swiecicka et al. (2006) (Table S2 ). PCR amplifications were carried out using the Veriti 96-Well thermal cycler for 30 reaction cycles in a final volume of 15 lL containing 0.35 U Taq DNA polymerase (MBI Fermentas), 150 ng DNA, 0.5 mM of each of the four dNTP, 1.5 mM MgCl 2 , and 0.5 lM of each of the primers. The conditions for PCRs were as follows: an initial denaturation step for 3 min at 95°C, denaturation of DNA template at 95°C for 1 min, annealing templates and oligonucleotide primers at 50°C (cytK, hblA) and 55°C (nheA) for 1 min, and extension of PCR products at 72°C for 1 min. An extra extension step was performed at 72°C for 10 min. The PCR products were analysed in the capillary electrophoresis system QIAxcel.
Detection of d-endotoxin genes, and pXO1-and pXO2-like replicons
To assess the potential entomopathogenic properties, the presence of cry1, cry2, cry3, cry4, cry7, cry8, and cry9 genes was tested as described by Ben-Dov et al. (1997 , 1999 with the pairs of primers given in Table S2 . The presence of the repX and repA genes, encoding the replication proteins of the pXO1 and pXO2 plasmids, respectively, was tested by PCR as described by Hu et al. (2009) with the pairs of primers provided in Table S2 . The PCR products were analysed in the capillary electrophoresis system QIAxcel.
PFGE of genomic DNA
Genomic DNA in LMP agarose (Sigma Chemical Co., St. Louis, MO) plugs was prepared according to Gaviria Rivera & Priest (2003) . The agarose-imbedded DNA was then digested with 30 U of NotI (MBI Fermentas) and electrophoresed in the CHEF-DR II System (Bio-Rad, Hercules, CA) followed by staining DNA with ethidium bromide solution (1 lg mL
À1
) and then analysed as described previously . Each DNA profile was compared with the other DNA profiles using the Dice similarity coefficient. To reflect these similarities, a dendrogram was performed by UPGMA algorithm with the NTSYS version 2.02 g program (Exeter Software, Setauket, NY).
Statistical analysis
The Fisher exact test, performed with the R version 2.15.2 program, was used to investigate whether the variable MLST group is pairwise independent of each of the following variables: hblA, nheA, cytK, the d-endotoxin genes, B. anthracis replicon-like, and psychrotrophy. The null hypothesis of the test is that the two analysed variables are independent. The significance level was set at 0.05. The MLST group that consisted of only one isolate was omitted in the analysis.
Results
Environmental B. thuringiensis isolates display broad diversity
The sequences of seven housekeeping genes of the 49 soil B. thuringiensis isolates were compared with allelic sequences available at PubMLST database (http://pubmlst. org/bcereus). Among the environmental isolates, sequence variability for each fragment ranged from 4.6% (tpi) to 21.4% (ilv) of polymorphic sites, with the number of alleles per locus varying from 9 (gmk) to 18 (ilv). With the exception of gmk, the number of alleles of each locus among Polish isolates was slightly higher than isolates from Lithuania (Table 1) . When the nucleotide sequences of all the genes were compared with the PubMLST database, 43 STs could be distinguished, including 11 and 21 new STs among the Lithuanian and Polish isolates, respectively (Table S1 ). The remaining 11 known STs were shared by 17 isolates. The vast majority of the STs were present only once in the tested bacilli. Only ST305 and ST312, consisting of two and four isolates, were represented by bacteria from both locations (Table S1 ).
To evaluate the genetic relationships among the environmental B. thuringiensis, the sequences of the seven housekeeping genes were compared using the NJ clustering method. The resulting dendrogram based on the concatenated nucleotide sequences revealed nine major groups (A-I) with the number of strains varying from one to 16 (Fig. 2) . Groups B and D comprised Lithuanian isolates only, whereas Polish isolates were predominant in groups E and I. All the B. thuringiensis reference strains (except HD3), the B. cereus ATCC14579 type strain, and five Polish environmental isolates formed Cluster C. Quite interestingly, all the psychrotolerant isolates were grouped in a single cluster (F) together with the reference strain of cold-adapted B. weihenstephanensis DSMZ11821 (see also below).
PFGE macrorestriction profiling confirmed the B. thuringiensis genetic diversity PFGE genotyping of the 48 B. thuringiensis (one strain could not be pulsotyped) revealed 46 distinct profiles (Fig. 3) . Only two pairs of strains, IS5004 and IS5005, and DK-1.2 and DK-2.9, showed indistinguishable patterns, whereas the rest of the DNA profiles differed by at least one band. NotI cleaved the B. thuringiensis genome into five to eleven DNA fragments, ranging from 80 to 2540 kb. Although most strains exhibited a high number of common bands, differences were observed throughout all the DNA patterns. A numerical analysis of this diversity grouped the 46 profiles into six clusters (Fig. 3) . Four clusters (I, III, IV, and VI) contained both Polish and Lithuanian bacilli, whereas groups II and V comprised exclusively Lithuanian isolates.
All the isolates pertaining to PFGE clusters I, II, and V were classified into groups F, D, and B, respectively, in the MLST analysis (Figs 2 and 3) . The strains assigned to the other PFGE groups belonged to distinct MLST clusters (Fig. 3, Table S1 ). In most cases, though, the detailed branching (among close neighbours) observed between MLST and PFGE clusterings were congruent.
Psychrotolerant B. thuringiensis isolates belong to a separate phylogenetic lineage
The low temperature adaptation of the soil B. thuringiensis isolates was evaluated by the assessment of their growth at 7 and 43°C. Interestingly, 15 bacteria (five Lithuanian isolates from the Northern part of Lithuania and 10 Polish isolates) grew well at the low cardinal temperature and showed no growth at 43°C. As indicated above, these bacilli, along with the psychrotolerant B. weihenstephanensis DSMZ 11821 reference strain, formed a single MLST group defined as cluster F (Fig. 2) . In the PFGE analysis, these isolates fell into groups I (12) and IV (3) (Fig. 3) . Furthermore, it was confirmed that all these bacilli had the 4 ACAGTT 9 signature in their cspA gene sequence. In the statistical analysis the null hypothesis was rejected due a P-value of < 0.001. This means that there is a statistically significant association between the psychrotrophic strains and the MLST group F.
Potential tripartite enterotoxin genes, but not cytK, are scattered among environmental B. thuringiensis
The B. thuringiensis isolates were screened by PCR to determine the occurrence of the hblA, nheA, and cytK genes, encoding the subunit A of the haemolytic enterotoxin (HBL), the subunit A of the non-haemolytic enterotoxin (NHE), and cytotoxin K (CytK), respectively. Of 49 soil bacilli, 44 (90%) showed positive results for the presence of nheA. Similarly, hblA was also found in a high proportion (86%) of the isolates. Similar results have been observed among the reference strains. In contrast, the cytK gene was observed in only 11 (22%) of the B. thuringiensis isolates. Bacilli with both enterotoxin genes, nheA and hblA, exhibited scattered distribution over all of the tree clusters (Fig. 2 ) and belonged to different PFGE patterns (Fig. 3) . In contrast, the cytKpositive isolates constituted two separate clusters (A and E) in the MLST and made up part of the MLST clusters C and G (as defined in Fig. 2) . The cytK-positive B. thuringiensis reference strains tested in this study pertained to the MLST cluster C (five of six). In PFGE analysis, the 11 cytK-positive isolates exhibited different DNA fingerprints, placed in groups III (2), IV (5), and VI (4).
All the isolates harboured at least one potential enterotoxin gene, but the numbers of those genes differed significantly among STs (Fig. 2, Table S1 ). The combination of both hblA and nhe was spread among (1) 22 different STs found for 28 soil isolates belonging to all phylogenetic groups except cluster E and (2) three STs defined for the reference strains HD3, HD12, and HD146 from the cluster G and C, respectively. The triad hblA, nheA, and cytK was only observed in 13 STs (nine among soil isolates and four references), all from clusters A and C. With the exception of ST312, strains representing the same ST type harboured the same enterotoxin genes. In fact, all four ST312 isolates possessed hblA, while the nheA gene was absent from DK-1.2. In Fisher's exact test the null hypothesis was not rejected with regard to the hblA and nheA genes, as the P-value was 0.066 and 1, respectively. Conversely, in the case of the cytK gene, the null hypothesis was rejected (P < 0.001). Thus, the statistical results indicate (1) a lack of evidence of association between the hblA-and nheA-positive strains and the MLST groups, and (2) a strong association between the cytK-positive strains and the MLST groups A and C.
pXO1-and pXO2-related replicons and cry genes of Polish isolates are also randomly distributed
The B. thuringiensis isolates were also PCR-screened for the presence of the B. anthracis pXO1-and pXO2 replicon-like sequences, resulting in nine and five positive bacilli, respectively (Figs 2 and 3) . Only one isolate IS5017 (ST580) gave a positive signal for both replicons. Interestingly, the majority of the B. anthracis plasmid-like replicons were observed in the Polish B. thuringiensis population (12 isolates), whereas among Lithuanian strains, only two bacilli displayed pXO1-(isolate DK-2.4; ST559) or pXO2-like replicons (isolate DK-2AC; ST305). B. thuringiensis containing pXO1-like replicon were classified into MLST groups A, C, F, G, and I, whereas isolates harbouring pXO2-like replicons were found in clusters C and F (Fig. 2) . There is no statistical evidence that the strains with the B. anthracis-like replicons and the MLST clusters are dependent (P = 0.462 and 0.175 for repAand repX-positive strains, respectively). The highest proportion of the cry-positive isolates harboured cry genes encoding toxins against Lepidoptera. Altogether, 19 bacilli (eight Polish and 11 Lithuanian) yielded PCR products with the cry1 primers (Fig. 2, Table  S1 ), and one strain from Poland, IS5035, possessed the cry9 gene. IS5035 was classified into ST15, the MLST type displayed by B. thuringiensis serovar aizawai. Only one bacterium, DK-3H (ST566; cluster F), was found to be positive for the cry4 gene, encoding toxin potentially active against Diptera. Interestingly, nine Lithuanian bacilli, all positive for the cry1 gene, formed a single cluster D in the MLST study and the PFGE group II. In Fisher's exact test the null hypothesis, that the cry1-positive isolates and MLST clusters are independent, was rejected (P < 0.0001). All the isolates turned out to be negative for the genes encoding d-endotoxins against Coleoptera (Cry3, Cry7, and Cry8).
Discussion
In this study, ecological diversification among B. thuringiensis soil isolates was examined to determine whether the bacteria adapted to grow at low temperature and/or potentially pathogenic correspond to genetically distinct lineages. Based on the MLST scheme, nine lineages (clusters) were found among 49 B. thuringiensis isolates originating from North-Eastern Poland (n = 24) and Lithuania (n = 25). The genetic diversity of the isolates that pertained to particular MLST lineages was high (Fig. 2, Table 1 ). The B. thuringiensis polymorphism was also confirmed by PFGE, in which only two pairs of strains were found to be apparently clonal (Fig. 3) . A high degree of genetic diversity among B. thuringiensis soil isolates can be explained by the existence of ecologically distinct ecotypes (Cohan, 2002) , which recently have been considered the fundamental unit of bacterial diversity (Cohan & Perry, 2007; Koeppel et al., 2008) . The presence of specific ecotypes in Bacillus subtilis-Bacillus licheniformis from Death Valley National Park (Connor et al., 2010) , in cyanobacteria from Mushroom Spring, Yellowstone National Park (Ward et al., 2006) , or in B. subtilis from the sandy bank of the Sava River in Slovenia (Stefanic et al., 2012) , confirms the importance of ecotypes in the assessment of bacterial ecology.
Temperature is one of the most important factors which bacteria have to respond to in their environment. Guinebreti ere et al. (2008) have found temperature diversity in B. cereus s.l. and have proposed an 'ecotypic' structure of populations in the group. The existence of psychrotolerance variants among B. thuringiensis has been demonstrated by Bartoszewicz et al. (2009) and Soufiane & Côt e (2010) . In the present study, one-third of B. thuringiensis soil isolates were found to be psychrotolerant. Quite remarkably, all these bacilli formed the separate MLST cluster F, which also included the reference strain of B. weihenstephanensis (Fig. 2) . The genetic similarity of these bacteria was confirmed by PFGE (Fig. 3) . These observations strongly support the hypothesis of the existence of a thermal ecotype among B. thuringiensis soil isolates. Furthermore, the present data provide additional evidence to that of earlier observations (Bartoszewicz et al., 2009; Soufiane & Côt e, 2010) that the ability to grow at low temperature, first described for B. weihenstephanensis (Lechner et al., 1998) , is also shared by other species of the B. cereus group. Contrary to the results reported by Guinebreti ere et al. (2008) , where the psychrotolerance B. cereus s.l. strains were classified into two phylogenetic groups, B. thuringiensis isolates growing at low temperature were assigned, in the present work, to a single phylogenetic lineage. In the work of Guinebreti ere et al. this discrepancy may be due to the incorporation of strains from a wider range of sources (natural environment, such as plants, water, soil, air, dairy products and other foods), whereas the bacteria tested in our study originated from soil only. Similar to our results, Sorokin et al. (2006) classified the psychrotolerant B. thuringiensis and B. cereus soil strains into one MLST phylogenetic cluster. Nevertheless, the existence of a higher number of psychrotolerant ecotypes among the B. cereus group originating from different ecological niches cannot be excluded.
Bacillus thuringiensis isolates displayed a high diversity with respect to potential toxicity (Hansen & Hendriksen, 2001; Swiecicka et al., 2006; Oh et al., 2012) . To assess the existence of potential pathotypes among the B. thuringiensis soil isolates and their association with particular lineages, the presence of potential enterotoxin genes was tested by PCR, notwithstanding the fact that the mere presence of a gene is not necessary correlated with the actual enterotoxicity of the host strain. Contrary to the hblA and nheA genetic determinants, which were found in more than 86% of the strains, cytK-positive reactions were only observed in c. 22% of the isolates (MLST cluster A and within cluster B; Fig. 2 ). Due to the fact that the significant association of the cytK-positive strains with the lineages A and B was statistically confirmed, the isolates pertaining to these groups can be regarded as potential cytK pathotypes, although they also bear the hblA and nheA genes. Conversely, the potential pathotypes of the tripartite enterotoxins (HBL and NHE) are not associated with any particular phylogenetic lineage. Interestingly, whereas the nheA and hblA genes were found in proportions similar to what was previously reported for B. thuringiensis isolates recovered from the intestines of small free-living mammals from North-Eastern Poland (Swiecicka et al., 2006) , the percentage of the cytK-positive soil isolates was significantly lower than those reported in previous experiments (e.g. Gaviria Rivera et al., 2000; Hansen & Hendriksen, 2001) , which indicates specific properties of B. thuringiensis isolates under study.
Although d-endotoxin crystals were observed under phase contrast microscope in all the isolates, only 19/49 (39%) gave positive PCR reactions to the cry genes (cry1-4 and cry7-9). The bacilli which did not react with the primers used in this study could carry a potential pool for new cry genes not yet described or may harbour other d-endotoxin genes not tested in our study. It is worth emphasizing that in previous investigations, the cry genes were found in similar proportions in populations of B. thuringiensis isolated from small mammals . Interestingly, whereas the majority of Lithuanian strains with cry1 created one separated cluster D and the PFGE group II, Polish cry-positives belonged to different clusters (Figs 2 and 3) . The strong association of the Lithuanian cry1-positive isolates with the MLST cluster D may suggest that those bacilli are specific pathotypes against Lepidopteran insects. However, this assumption needs to be further characterized by bioassays. Moreover, only five Polish isolates were placed in the same cluster as B. thuringiensis HD1 (ST10), HD2 (ST10), HD12 (ST23), HD73 (ST8), and HD146 (ST56) and the B. cereus type strain ATCC 14579 (ST4). Similarly, Priest et al. (2004) classified these reference strains into one clade.
In the B. cereus group, plasmids are very common and individual strains differed from each other in plasmid number, size, and profile (Hoton et al., 2005; Reyes-Ram ırez & Ibarra, 2008) . Although the B. cereus s.l. phylogeny is based on chromosomal markers, the main features of B. thuringiensis and B. anthracis are plasmid-borne. Thus, B. cereus s.l. plasmids are essential not only for defining the phenotypic traits associated with pathogenesis but also for enabling them to occupy different environmental niches. In this regard, special concern is given to the anthrax toxin genes of B. anthracis. Our study indicated that the genetic elements related to the B. anthracis pXO1-and pXO2-like replicons are present in distinct MLST clusters and PFGE groups. Similarly, Pannucci et al. (2002a,b) did not found a correlation between the presence of B. anthracis-like extrachromosomal elements and genomic relatedness of the B. cereus group members.
It is worth noting that, contrary to previous observations on the presence of clonal B. thuringiensis in the alimentary track of free-living animals from North-Eastern Poland , there is no indication of clonal groups among soil isolates obtained from the same area (Figs 2 and 3) . It is therefore plausible that among B. thuringiensis are lineages or ecotypes adapted to specific animals. Moreover, we cannot exclude the presence of highly diverse B. thuringiensis ecotypes in soil and specific ecotypes in the animal hosts, as similar relationships have been found for its relative B. anthracis (Harrell et al., 1995; Mock & Fouet, 2001 ) and virulent B. cereus (Helgason et al., 2000) . To further address this issue, it will be necessary to analyse the genetic structure of B. thuringiensis from soil and animals obtained at the same time and from the same area. Soils are extremely heterogeneous matrices that vary even in a very small scale with regard to the size of particles, amount of organic matter, pH, nutrient concentration, type of vegetation, and root mass (McArthur, 2006) . These factors interact with each other, as well as with temperature, and may have an impact on soil bacteria adaptation and evolution. The B. thuringiensis isolates under study were obtained from soil rich in organic material, a condition that may support or even stimulate horizontal gene transfers (Bizzarri & Bishop, 2007; Hu et al., 2009) .
To sum up, the present study showed a high degree of genetic polymorphism among soil B. thuringiensis strains, and provided new insights into the population structure. Our results strongly support the hypothesis that B. thuringiensis comprises strains belonging to different phylogenetic lineages and exhibiting specific ecological properties. 
